Abstract Purpose: Both heparanase and cyclooxygenase-2 (COX-2) are thought to play critical roles for tumor malignancy, including angiogenesis, although it is unknown about their relationship with each other in cancer progression. We hypothesized that they may link to each other on tumor angiogenesis. Experimental Design: The expressions of heparanase and COX-2 in 77 primary human esophageal cancer tissues were assessed by immunohistochemistry to do statistical analysis for the correlation between their clinicopathologic features, microvessel density, and survival of those clinical cases. Human esophageal cancer cells were transduced with heparanase cDNA and used for reverse transcription-PCR and Western blot to determine the expression of heparanase and COX-2. COX-2 promoter vector and its deletion/mutation constructs were also used along with transduction of heparanase cDNA for luciferase assay. Results: Heparanase and COX-2 protein expression exhibited a similar pattern in esophageal tumor tissues, and their expression correlated with tumor malignancy and poor survival. Their expression also revealed a significant correlation with high intratumoral microvessel density. Up-regulation of COX-2 mRNA and protein was observed in esophageal cancer cells transfected with heparanase cDNA. COX-2 promoter was activated after heparanase cDNA was transduced and the deletion/mutation of three transcription factor (cyclic AMP response element, nuclear factor-nB, and nuclear factor-interleukin-6) binding elements in COX-2 promoter strongly suppressed its activity. Conclusion: Our results suggest that heparanase may play a novel role for COX-2-mediated tumor angiogenesis.
Two essential processes required for metastasis are neoangiogenesis and tumor cell invasion of the basement membrane and extracellular matrix (1) . Heparanase specifically cleaves carbohydrate chains of heparan sulfate proteoglycans (HSPG) present in the extracellular matrix and on the cell surface (2) . Heparanase has been identified in highly invasive normal and malignant cells, including cytotrophoblasts, activated cells of the immune system, and lymphoma, melanoma, and carcinoma cells (2 -8) . Normal physiologic functions of heparanase are related to embryonic morphogenesis, wound healing, tissue repair, and inflammation. Enhanced heparanase expression has been reported to correlate with the metastatic potential of human tumor cells (3, 4, 7, 8) and shorter postoperative survival of patients with various cancers (9 -12) .
Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme involved in the conversion of arachidonic acid to prostaglandin H 2 , the precursor of various molecules, including prostaglandins, prostacyclins, and thromboxanes. COX-2 is known to contribute to tumorigenesis and the malignant phenotype of tumor cells in various ways, including (a) inhibition of apoptosis (13) , (b) increased angiogenesis (14) , (c) increased invasiveness (15, 16) , (d) modulation of inflammation and immunosuppression (17) , and (e) conversion of procarcinogens to carcinogens (18, 19) . COX-2 converts arachidonic acid to prostaglandins and induces angiogenic factors, such as vascular endothelial growth factor and basic fibroblast growth factor (FGF; refs. 14, 20) , and selective inhibitors of COX-2 are effective in inhibition of cancer growth (14, 21) . On the other hand, heparanase may also contribute to angiogenesis by cleaving HSPGs and releasing angiogenic factors, such as basic FGF, vascular endothelial growth factor, heparin growth factor, platelet-derived growth factor, and transforming growth factor-h (3, 22 -25) . Therefore, these two molecules are thought to play a critical role in controlling the invasion and metastasis of malignant tumors. However, the relationship between heparanase and COX- 2 has not yet been elucidated.
Esophageal squamous cell carcinoma (ESCC) remains one of the most aggressive malignant tumors, and its prognosis remains worse than those of other gastrointestinal malignancies. The clinical outlook for patients with ESCC is still very poor due to the high rate of local and distant metastasis (26 -28) . Although conventional pathologic assessment has served as the standard estimation of prognosis of patients with ESCC, it does not always define the individual risk of recurrence after surgical resection. Tumor cell invasion and secondary spread to the blood and lymph vessels are the hallmarks of malignant disease and the greatest impediment to cancer therapy. Recent advances in the molecular genetics of ESCC have stimulated attempts to evaluate the prognostic relevance of specific molecular alterations in the tumor. Identification of a prognostic marker susceptible to or modifiable by direct therapeutic intervention will result in therapeutic and prognostic improvements for these patients.
The present study was designed to map the distribution of heparanase and COX-2 in human esophageal carcinoma using immunohistochemical staining and define the relationship between heparanase/COX-2 and clinicopathologic features. Our findings suggested a positive relationship between heparanase and COX-2 expression, and we therefore elucidated the relationship between heparanase and COX-2 in terms of signal transduction. We attempted to identify transcription factors and transcriptional regulatory elements located in the COX-2 promoter that is activated by heparanase. Based on the additional evidence thus obtained, we propose that the expression of the COX-2 gene might be regulated by heparanase. This invokes a dynamic relationship with tumor angiogenesis.
Materials and Methods
Patients and tissue sampling. We examined 77 ESCCs, including mucosal carcinomas (n = 6) and submucosal carcinomas (n = 24), obtained from 77 previously untreated patients. The patients included 72 men and 5 women with a mean age of 68.3 years (range, 38-79 years). Tissue samples were surgically resected at the Department of Surgery, Keiyukai Hospital (Sapporo, Hokkaido, Japan) in 1994. Two experienced pathologists, who were blinded to the clinical data and results of other diagnostic tests, determined the grade of dysplasia in all lesions. The clinicopathologic characteristics were evaluated according to the guidelines of the Union Internationale Contre le Cancer. The study protocol was approved by the Human Ethics Review Committee of Okayama University Graduate School of Medicine and Dentistry, and a signed consent form was obtained from each subject.
Cell culture. We used three types of human ESCC cell lines and colon cancer cell lines. Three ESCC cell lines, TE1, TE6, and TE8, were obtained from the Japanese Cancer Research Resource Bank, and T.Tn was obtained from the Japan Cell Research Bank (Ibaraki, Japan). RPMI4788, colon cancer cell line, was kindly provided by the RPMI (Buffalo, NY; ref. 29) . These cell lines were propagated in monolayer culture in RPMI 1640 with 25 mmol/L HEPES, 10% FCS, 100 units/mL penicillin, and 100 mg/mL streptomycin at 37jC in a humidified atmosphere of 95% air and 5% CO 2 .
Monoclonal antibodies. Anti-human mouse heparanase monoclonal antibody was obtained from Novartis Pharma Tsukuba Institute (Tsukuba, Japan); the monoclonal antibody reacted with both the 65-kDa proform and the 50-kDa mature form of the human heparanase as described previously (9, 30) . Monoclonal antibody 13H14 for COX-2 was obtained from IBL (Gunma, Japan). Clone F8/86 for factor VIIIrelated antigen/von Willebrand factor Ab-2 was obtained from NeoMarkers (Fremont, CA). Antibody for human heparanase was diluted at 1:500. 13H14 was used at a concentration of 3 Ag/L and F8/86 was ready to use.
Immunohistochemistry. COX-2 and factor VIII stainings were done using formalin-fixed, paraffin-embedded serial sections. Sections (5 Am thick) were mounted on silanized slides (DAKO Japan Co., Tokyo, Japan), deparaffinized in xylene for 20 minutes, and rehydrated in graded ethanol solutions. Endogenous peroxidase was blocked by incubating the sections in 3.0% H 2 O 2 in methanol for 15 minutes. For heparanase and COX-2 staining, antigen retrieval in paraffin sections was done once and thrice, respectively, by heating in 10 mmol/L citrate buffer solution (pH 6.0) in a microwave for 5 minutes. For factor VIII staining, antigen retrieval was done by pepsin (Pepsin solution, Nichirei, Tokyo, Japan) at 37jC for 15 minutes. After blocking of nonspecific reactivity with rabbit serum for 10 minutes at room temperature (Histofine SAB PO kit, Nichirei), sections were incubated overnight at 4jC with the anti-heparanase and anti-COX-2 antibody and for 1 hour at 37jC with anti -factor VIII antibody. Identification of the distribution of the primary antibody was achieved by subsequent application of a biotinylated anti-primary antibody (Histofine SAB PO kit) and streptavidin peroxidase (Histofine SAB PO kit). Immunostaining was developed using 3,3V -diaminobenzidine/H 2 O 2 solution (Histofine 3,3V -Diaminobenzidine Substrate kit, Nichirei), and sections were counterstained with Mayer's hematoxylin. As a negative control, some sections were subjected to normal serum blocking and omission of the primary antibody. In each lesion, assessment of heparanase was based on the nuclear or cytoplasmic staining pattern. Assessment of COX-2 was based on the cytoplasmic staining pattern. Expressions of heparanase and COX-2 were considered positive when it stained at the invasive front and tumor edge and was present in >10% of tumor cells. Assessment of factor VIII was based on the expression in vascular endothelial cells.
Evaluation of microvessel density. Evaluation of microvessel density (MVD) was done as described previously (31) . Briefly, after microscopic screening for tumor areas of highest MVD at a magnification of Â40, the vessels in five areas with the highest MVD were counted under Â200 magnification by two independent observers blinded to the patient's background. The mean value of the vessel count in five fields by the two observers was considered the MVD for the tumor. Generally, there was no significant interobserver difference, and in cases with wide differences, MVDs were reevaluated by a third observer until the three observers reached a consensus.
Analysis of the relationship between heparanase expression and clinicopathologic factors. Heparanase and COX-2 immunostaining was detected in the cytoplasm of cancer cells. We analyzed the interaction between heparanase/COX-2 expression and clinicopathologic characteristics and evaluated it as a prognostic factor for esophageal cancer patients.
Plasmids and oligonucleotides. Human heparanase cDNA was kindly provided by Dr. Motowo Nakajima (Novartis Pharma Tsukuba Institute), the characteristics of which were described previously (30, 32) . Luciferase constructs with the COX-2 promoter (À1,432/ +59, À327/+59, À220/+59, À124/+59, À52/+59, KBM, ILM, CRM, KBM-ILM, ILM-CRM, CRM-KBM, and CRM-ILM-KBM) were kind gifts from Dr. Hiroyuki Inoue (National Cardiovascular Center Research Institute, Osaka, Japan; ref. 33 ). pCRE-Luc, which contains four tandem copies of the nuclear factor-nB (NF-nB) consensus sequence fused to a TATA-like promoter, and pNF-nB-Luc, which contains multiple copies of the cyclic AMP response element (CRE) binding sequence fused to a TATA-like promoter, were purchased from BD Biosciences (San Jose, CA; Mercury Pathway Profiling Luciferase System). pRL-tk, the control luciferase plasmid, was purchased from Promega (Madison, WI).
Transfection. The 3,726-bp-long cDNA coding human heparanase gene was inserted into an expression vector, pBK-cytomegalovirus (Stratagene, La Jolla, CA), and directly used for transfection of ESCC cell Technologies) . After a 5-hour incubation, the medium was replaced with fresh RPMI 1640 supplemented with 10% fetal bovine serum, 2 mmol/L L-glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin. For Western blotting, cells were seeded at a density of 2 Â 10 5 per well in six-well dishes and grown to 80% confluence. For each well, plasmid (4 Ag; human heparanase cDNA) was introduced into cells using 10 Ag LipofectAMINE 2000 according to the manufacturer's instructions. After 12 hours of incubation, the medium was replaced with basal medium. For the luciferase assay, cells were seeded at a density of 5 Â 10 4 per well in 24-well dishes and grown to 50% to 60% confluence. For each well, plasmid DNA (1.0 Ag; human heparanase/mock and COX-2 reporter plasmids) was introduced into cells using 3 Ag LipofectAMINE 2000 according to the manufacturer's instructions. Luciferase activity was measured in cellular extracts as described below.
Reverse transcription-PCR. Total RNA was isolated from cells using RNAzol (Cinna Biotecx, Friendswood, TX) in a single-step phenol extraction method and used as a template. Reverse transcription was done at 22jC for 10 minutes and then at 42jC for 20 minutes, and PCR was done with specific primers in a volume of 50 AL according to the manufacturer's protocol (PCR kit; Perkin-Elmer/Cetus, Norwalk, CT). The following specific primers were used: heparanase sense (5V -TTCGATCCCAAGGAATCAAC-3V ) and antisense (5V -GTAGTGATGC-CATGTAACTGAATC-3V ), COX-2 sense (5V -GGGTTGCTGGGGGAA-GAAATGTG-3V ) and antisense (5V -GGTGGCTGTTTTGGTAGGCTGTG-3V ), and glyceraldehyde-3-phosphate dehydrogenase sense (5V -CAGCC-GAGCCACATC-3V ) and antisense (5V -TGAGGCTGTTGTCATACTTCT-3V ). For heparanase, the amplification reaction involved denaturation at 95jC for 45 seconds, annealing at 60jC for 1 minute, and extension at 72jC for 1 minute; for COX-2, the amplification reaction involved denaturation at 94jC for 45 seconds, annealing at 60jC for 45 seconds, and extension at 72jC for 1 minute using a thermal cycler (PerkinElmer, Foster City, CA). The PCR products were applied on 1% agarose gels and visualized by SYBR Gold (Molecular Probes, Eugene, OR) staining.
Quantitative real-time reverse transcription-PCR. Heparanase mRNA copy number in cell lines was determined by quantitative real-time reverse transcription-PCR using a LightCycler instrument and a LightCycler DNA Master SYBR Green I kit (Roche Molecular Biochemicals, Indianapolis, IN). Amplifications were done in glass capillary tubes using 20 AL reaction containing 3 mmol/L MgCl 2 , 0.5 Amol/L of each primer, and 2 AL of 10Â LightCycler FastStart DNA Master SYBR Green I. PCR amplification began with a 60-second denaturation step at 95jC followed by 40 cycles of denaturation at 95jC for 15 seconds, annealing at 58jC for 10 seconds, and extension at 72jC for 9 seconds. The oligonucleotides used as specific primers were 5V -GCGGTTACCC-TATCCTTTTT-3Vand 5V -GCAGCAACTTTGGCATTTC-3V . Copy numbers of mRNA were calculated from serially diluted standard curves generated from purified cDNA template, which consisted of a human heparanase cDNA of 1,758 bp inserted into the expression vector. Data analysis was done using LightCycler Software (Roche Molecular Biochemicals).
Western blotting. Cells were collected by trypsinization and washed twice in cold PBS. Cells then were dissolved in lysis buffer containing 20 mmol/L Tris-HCl (pH 7.6), 150 mmol/L NaCl, 1 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 1% NP40, 10% glycerol, and protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L DTT, 20 Ag/mL aprotinin, and 20 Amol/L leupeptin). Lysis was carried out at 4jC for 30 minutes and lysates were centrifuged at 15,000 rpm for 20 minutes. The protein concentration of the supernatant was determined using the BioRad Protein Assay (Bio-Rad, Hercules, CA). Equal amounts (40 Ag) of proteins were electrophoresed under reducing conditions on 12% (w/v) polyacrylamide gels. Proteins were electrophoretically transferred to Hybond polyvinylidene difluoride transfer membranes (Amersham, Arlington Heights, IL) and incubated with primary antibodies against COX-2 and heparanase and then peroxidase-linked secondary antibody. An Amersham Enhanced Chemiluminescence Western System (Amersham, Tokyo, Japan) was used to detect secondary probes.
Luciferase assay. Reporter plasmids containing the 327-bp flanking region of the human COX-2 promoter with deletion or site-specific mutation are represented schematically in Fig. 5A and B. Relative positions of the NF-nB site, nuclear factor-interleukin-6 (NF-IL6) site, and the CRE are indicated. Heparanase cDNA expression vector was transiently transfected with each reporter plasmid together with pRL-tk used as an internal control for the Dual-Luciferase Reporter Assay System (Promega). The cells were then harvested, lysed, and assayed for luciferase activity. Luciferase activity was measured by Luminoskan (Labsystems, Helsinki, Finland). Results are represented as relative luciferase activities normalized by dividing with the luciferase activity using the empty vector (mock). Data are mean F SD of four individual experiments.
Statistical analysis. Heparanase expression was assessed for association with clinicopathologic variables and COX-2 expression using the m 2 two-tailed test, Fisher's exact test, and Spearman's correlation coefficient test. Survival analysis was calculated using the Kaplan-Meier method and compared by the Wilcoxon test. P < 0.05 denotes the presence of a statistically significant difference. Differences of MVD between heparanase-positive and heparanase-negative tumors were examined using the unpaired t test. The rate of double-stained cells was assessed using the two-tailed test.
Results
Distribution of heparanase and cyclooxygenase-2 in normal and cancer tissues of the esophagus. Heparanase was barely detectable in normal esophageal tissue (34, 35) . However, in the stromal compartment adjacent to tumor tissue, vascular endothelial cells and fibroblasts as well as inflammatory cells, such as macrophages, lymphocytes, and neutrophils, stained strongly for heparanase ( Fig. 1A and B) . Heparanase expression was also observed in dysplastic areas. Severe and moderate dysplasia was associated with stronger heparanase expression than that seen in mild dysplasia as we have shown previously (35) . With respect to invasive tumors, heparanase and COX-2 were expressed in the cytoplasm and cell surface of carcinoma cells at the tumor edge and invasive front, respectively (Fig. 1B  and D) . Heparanase exhibited progressively stronger expression in lesions from dysplasia through invasive cancer of the esophagus. Metastatic lymph nodes had less or an equal level of heparanase expression in comparison with their primary lesions (35) .
COX-2 staining was not detected in normal esophageal tissues (data not shown). Inflammatory cells and vascular endothelial cells in stromal tissue adjacent to tumor tissues showed strong COX-2 expression similar to the pattern observed for heparanase ( Fig. 1C and D) . In addition, COX-2 expression in esophageal carcinomas was evident as the cells progressed from dysplasia to invasive squamous carcinoma (data not shown). In advanced cancer tissues, COX-2 protein immunoreactivity was diffusely present in the cytoplasm. COX-2 expression exhibited a very similar pattern to that of heparanase expression in esophageal cancer tissues (Fig. 1C and D) .
Relationship between heparanase/cyclooxygenase-2 expression and clinicopathologic factors. Because COX-2 and heparanase have been known as bad prognostic markers in various cancers due to their contribution to cancer invasion and metastasis, and the current similar expression pattern in our samples was observed, we examined such relationship of both molecules in the same samples. Figure 2A Table 1 . With respect to depth of invasion, all cases of carcinoma in situ were heparanase negative. Heparanase and COX-2 immunoreactivity increased gradually from T 1 to T 4 stage tumors. All T 4 lesions were both heparanase positive and COX-2 positive. Both heparanase and COX-2 were correlated significantly with invasion depth (P = 0.0018 and 0.0209, respectively). Thirtytwo of 40 (80.0%) tumors with lymph node metastasis were positive for heparanase expression, and heparanase was negative in 16 of 37 (43.2%) tumors without lymph node involvement (P = 0.0278). COX-2 expression was also significantly correlated to lymph node metastasis (P = 0.0453). Of the tumors with lymph node metastasis, 32 cases were positive for both heparanase and COX-2. Heparanase staining gradually increased from stage 0 to 4 (P = 0.0406). Of the stage IV tumors, 70.0% exhibited positive staining, whereas only 1 of 5 (20%) was positive for heparanase at stage 0. Heparanase and COX-2 were detected in 31 cases of 36 (86.1%) tumors with lymphatic invasion, and 19 of 41 (46.3%) and 16 (40.2%) of 41 tumors without lymphatic invasion were negative for heparanase and COX-2, respectively (P = 0.0029 and 0.00202, respectively). Of the tumors with lymphatic invasion, 27 cases were positive for both heparanase and COX-2. These results suggest that both heparanase and COX-2 expressions in ESCC are closely involved in tumor invasion and metastasis.
We examined the survival in relation to heparanase and COX-2 expression. Seventy-five percent and 76.2% of patients with tumors negative for heparanase and COX-2, respectively, survived, whereas the survival rate was 33.7% and 35.7% in patients with heparanase and COX-2 immunopositivity 5 years after surgery (P = 0.0005 and 0.0009, respectively; Fig. 2E) .
Expression of heparanase and cyclooxygenase-2 predicts neovascularization of esophageal cancer. Microvessels in tumor tissue were detected by immunohistochemical analysis using anti -factor VIII antibody. Figure 3C shows microvessels in tumor tissue. Heparanase and COX-2 were expressed in microvessels in tumor tissue (Fig. 3A and B, respectively) . The MVD in the esophageal cancers ranged from 0 to 34.8 (18.6 F 8.6, mean F SD). Based on the mean value of the MVD for all tumors, esophageal cancers were divided into two groups: high MVD group (MVD z 18.6; n = 43) and low MVD group (MVD < 18.6; n = 34; Table 2A ). The number of the patients who showed high MVD was significantly associated with heparanase positive and COX-2 positive tumors (P = 0.0001 and 0.0002, respectively). Heparanase-positive tumors had a significantly higher vascularity (MVD 21.4 F 6.5) compared with heparanase-negative tumors (MVD, 12.2 F 7.9; P < 0.0001; Table  2B ). Tumors with positive COX-2 expression also had a significantly higher MVD (20.9 F 6.7) compared with those negative for COX-2 (12.2 F 8.3; P < 0.0001; Table 2B ). Combination of heparanase-positive and COX-2-positive expression was also significantly associated with higher MVD (Fig. 3D) . The high MVD group exhibited a significantly worse survival rate (33.3%) than the low MVD group (P = 0.0021; Fig. 3E) .
Comparison of heparanase and cyclooxygenase-2 expression. In both superficial carcinomas and advanced ESCCs, COX-2 expression correlated significantly with heparanase expression (Table 2C) . Fifteen of 29 (51.7%) cases with early-stage cancers were negative for both COX-2 and heparanase. On the other hand, of advanced tumors (stage T 2 -T 4 ), 41 of 48 (85.4%) cases were positive for both COX-2 and heparanase. Interestingly, in this study, no cases were found to be heparanase positive and COX-2 negative. All of the heparanase-positive cases were also COX-2 positive. In addition, 3 of 77 (3.9%) cases were heparanase negative but COX-2 positive. These findings suggested that heparanase is strongly linked to COX-2 expression.
Heparanase up-regulates cyclooxygenase-2 mRNA and protein in human esophageal cancer cells. To analyze the relationship between heparanase and COX-2, we first examined heparanase and COX-2 protein expression by Western blotting in three ESCC cell lines (TE1, TE8, and T.Tn). All cell lines showed low-level heparanase protein expression (Fig. 4A,  lanes 1, 4, and 7) . COX-2 protein was also showed a low expression in these cell lines. The mRNA levels of both genes were also low in all cell lines (Fig. 4B, lane 1 for T.Tn; data not shown for TE1 and TE8). Therefore, we transfected the heparanase cDNA expression vector into the cell lines and confirmed that the heparanase mRNA and protein showed an increased expression (Fig. 4A, lanes 3, 6, and 9; Fig. 4B,  lane 3) . Notably, we found that the COX-2 mRNA and protein were enhanced in the heparanase-transfected cell lines compared with the empty vector (mock) -transfected cells and parental cell lines, although COX-1 expression was not changed by heparanase (Fig. 4A and B) . When we used RPMI4788, a colon cancer cell line that exhibited lower-level COX-2 expression and no heparanase expression, an increased COX-2 mRNA in the heparanase-transfected RPMI4788 cells was detected (Fig. 4B, lane 6) . Furthermore, the increase of the COX-2 gene expression was confirmed in the T.Tn cells by real-time PCR (Fig. 4C) after transfection of the heparanase expression vector. These data suggest that the COX-2 expression is up-regulated through the heparanase induction in esophageal cancer cell lines. We further examined the gene regulation using a COX-2 promoter luciferase construct (36, 37) . After cotransfection of luciferase reporter plasmid containing the longest promoter (À1,432 to +59) of the COX-2 gene with the heparanase cDNA expression vector or empty vector (mock), the heparanase-transfected TE1, TE8, T.Tn, and RPMI4788 cells exhibited 1.87-, 1.85-, 1.74-, and 2.56-fold increases in luciferase activity compared with mock, respectively (Fig. 4D) .
Identification of the cyclooxygenase-2 promoter region regulated by human heparanase. Based on earlier reports about the COX-2 transcriptional mechanism (33, 38), we hypothesized that heparanase might regulate the COX-2 gene at the transcriptional level and that the COX-2 is a downstream target gene of heparanase. To test this hypothesis, we used RPMI4788 cell line to analyze the heparanase-responsible regions on the COX-2 promoter. We did cotransfection of heparanase expression vector with a series of luciferase reporter plasmids that have the COX-2 promoter, encompassing the regions of À327 to +59, À220 to +59, À124 to +59, and À52 to +59 (Fig. 5A) . The À327 to +59, À224 to +59, and À124 to +59 promoter regions showed 2.23-, 2.25-, and 3.28-fold increases of luciferase activity in RPMI4788 cells, respectively. However, the À52 to +59 COX-2 promoter exhibited less luciferase activity (Fig. 5B, lanes 1-4) . Using TE8 cell line, the heparanase response pattern of the COX-2 promoter was similar to that of RPMI4788 cells, whereas the luciferase activities were low (Fig. 5B, lanes 5-8) .
Furthermore, to define the responsible elements for heparanase in the COX-2 promoter, we used mutant forms (mNF-nB, mNF-IL6, and mCRE) of NF-nB, NF-IL6, and CRE binding elements on the COX-2 promoter containing À327 to +59 region (Fig. 6A) . As shown in Fig. 6C , mNF-nB, mNF-IL6, and mCRE exhibited 2.44-, 2.16-, and 2.57-fold luciferase activity, respectively. These activities were almost same as that of the normal promoter containing À327 to +59 region (lane1; 2.47-fold). Next, we used double-mutant COX-2 promoter plasmids, which are mNF-nB/mCRE, mNF-nB/mNF-IL6, and mNF-IL6/ (Fig. 6A) . The relative luciferase activities are 2.16-fold in mCRE/mNF-nB, 1.93-fold in mNF-nB/mNF-IL6, and 1.27-fold in mNF-IL6/mCRE. The cells transfected with triple-mutant (mNF-nB/mNF-IL6/mCRE) showed 0.80-fold luciferase activity (Fig. 6C) . These results suggested that CRE, NF-nB, and NF-IL6 binding elements are all involved in the transcriptional activation of the COX-2 promoter mediated by heparanase, although the effect is not synergistic. Therefore, we used the other luciferase plasmids, pCRE-Luc and pNF-nB-Luc, which have multiple copies of CRE and NF-nB consensus binding elements, respectively (Mercury Pathway Profiling Luciferase System; Fig. 6B ). Cells transfected with pNF-nB-Luc or pCRELuc showed 3.77-and 3.95-fold luciferase activity, respectively (Fig. 6C) . These results suggest that heparanase increases the transcriptional activity of the COX-2 promoter and that this effect is likely to be dependent on all CRE, NF-nB, and NF-IL6 binding sites.
Discussion
Our results showed that heparanase and COX-2 are closely correlated with tumor malignancy through angiogenesis and that heparanase regulates the COX-2 expression. Immunohistochemical analysis revealed that heparanase and COX-2 proteins show very similar expression profile in esophageal cancer tissues, especially in tumor cells and stromal cells, such as fibroblasts, vascular endothelial cells, and inflammatory cells. Heparanase and COX-2 expression were located in the cytoplasm of tumor cells and highly correlated with depth of tumor invasion, lymph node metastasis, and lymphatic invasion. These findings support the notion that heparanase and COX-2 are involved in invasion and metastasis of malignant cells. Previous studies have shown that heparanase expression in esophageal cancer was significantly correlated with clinicopathologic variables and loss of syndecan-1 (34) . In addition, the prognosis of patients with heparanase-positive and COX-2-positive tumors was significantly poorer than that of those with heparanasenegative and COX-2-negative tumors (3, 9, 12, 39) . These results suggest that COX-2, as well as heparanase, is associated with tumor progression and prognosis in esophageal cancer.
Heparanase and COX-2 were also expressed strongly in stromal tissues adjacent to tumor tissues, such as vascular endothelial cells in angiogenic sprouts, fibroblasts, and inflammatory cells. (41) showed that COX-2 immunoreactivity is associated with the microvasculature. These findings suggested that both heparanase and COX-2 are very important for cell-extracellular matrix interaction and that they may contribute to cancer progression. Therefore, we hypothesized that heparanase and COX-2 are linked to extracellular moieties and events, especially tumor angiogenesis. Tumor growth and metastasis depend on angiogenesis, which results from a cascade of molecular and cellular events that are involved n cell-extracellular matrix interactions (42) . Degradation of extracellular matrix by matrix metalloproteinases and heparanase is a key process in cancer progression and facilitates neoangiogenesis. An important step in the angiogenic cascade is degradation of the subendothelial capillary basement membrane by proliferating endothelial cells, a prerequisite for the formation of vascular sprouts. HSPGs are prominent components of blood vessels. After degradation of HSPGs by heparanase, many angiogenic factors, such as basic FGF, transforming growth factor-h, heparin growth factor, and vascular endothelial growth factor, are released and activated. Elkin et al. (23) reported that recombinant heparanase released an active form of basic FGF and increased the angiogenic response. On the other hand, COX-2 is a ratelimiting enzyme involved in the conversion of arachidonic acid to prostaglandin H 2 . The eicosanoids, especially prostaglandin E 2 , are tightly associated with neovascularization and support vasculature-dependent solid tumor growth and metastasis. The tumorigenic effects of COX-2 could be divided into two distinct groups: the direct effect on tumor cells and the effect on nontumor cells, such as tumornurturing blood vessels and immunocompetent cells (43) . Jones et al. (21) also showed that COX-2 inhibitors inhibited angiogenesis via direct effects in endothelial cell lines and that COX-2 was important for the direct regulation of angiogenesis in endothelial cells. Recent evidence has showed that COX-2 modulates angiogenesis either by augmenting the release of vascular endothelial growth factor, basic FGF, and nitric oxide by the tumor cells or by directly increasing production of prostaglandins (14, 44) . In the present study, we analyzed MVD because it has been reported that heparanase and COX-2 are involved in angiogenesis as reflected by MVD (31, 39, 45) . As shown in Fig. 3 , in esophageal cancer patients, COX-2 and heparanase independently showed significant higher MVD. However, the immunopositivity of both heparanase and COX-2 showed the highest MVD, suggesting their additive function on angiogenesis. On the other hand, none of the heparanase-positive tumors were negative for COX-2, suggesting the inductive effect of heparanase on COX-2. Therefore, both heparanase and COX-2 might facilitate tumor angiogenesis, and these molecules might interact with each other. How does heparanase interact with COX-2? These two molecules showed similar expression pattern in both early and advanced stages of ESCCs significantly (Table 2C ). The COX-2 mRNA and protein were up-regulated in heparanasetransfected esophageal cancer cells (Fig. 4) . Therefore, we hypothesized that COX-2 acts downstream of heparanase and that the COX-2 promoter may contain heparanase-responsive regions.
COX-2 expression is differently regulated in various types of the cells (46) and also plays a key role in tumorigenesis (47) . The COX-2 promoter contains three known consensus sequences for NF-nB, NF-IL6, and CRE, which are differently involved in the COX-2 promoter activity in different cells (37, 38, 48) . In this study, we showed that combination of the CRE, NF-nB, and NF-IL6 site in the human COX-2 gene was involved in promoter activity. Triple mutant (mNF-nB/ mNF-IL6/mCRE) revealed remarkably reduced luciferase activity, whereas the destruction of the CRE, NF-nB, or NF-IL6 site alone showed no significant effect (Fig. 6C) . The COX-2 promoter luciferase vectors containing double mutants of these sites also showed reduced promoter activity mediated by heparanase (Fig. 6C) , although we could not exclude the possibility that the CRE, NF-nB, and NF-IL6 sites modulate the basal rather than the inducible promoter activity. It was reported that transcriptional regulation might be achieved through the cooperation of more than one trans-acting factor with the regulated assembly of multiprotein complexes on enhancers and promoters (49) . The complex nature of these processes is thought to result in an elaborated fail-safe mechanism for controlling gene expression (49) . Our results may be explained by the fail-safe mechanism of gene expression resulting from complex formation between transcription factors through the CRE, NF-nB, and NF-IL6 sites and other cis-acting element(s). Indeed, the promoter activity with mCRE and mNF-nB was increased as little as 2.57-and 2.44-fold, respectively, although those with multiple copies of CRE and NF-nB were increased f3.95-and 3.77-fold, respectively (Fig. 6C) . Based on these results, we inferred that NF-IL6 might be a component of a transcription factor complex, which increased the COX-2 promoter activity mainly via the CRE and NF-nB, and that the increased promoter activity induced by the CRE and NF-nB might be finely regulated by other transcription factor(s) via the NF-IL6 site or other cis-acting element(s). The NF-IL6 site may be a candidate for such a cis-acting element, because NF-IL6 has been isolated as a trans-acting factor that binds to the p50 subunit of NF-nB (50). Our results using a series of truncated COX-2 promoters also suggest the existence of negative regulatory region on the À220 to À125 of the promoter. How the transcriptional regulation might work? Does heparanase bind directly to these sites or regulate other molecules, which are linked to these transcription binding sites? We and others identified recently that the nuclear localization of heparanase and the presence of HSPGs in the nucleus are already known (35, 51) . A recent study showed that nuclear heparanase degrades nuclear HSPGs, which may affect the transcriptional activity associated with FGF-2 (51). Although we currently do not have any direct or indirect proof about the relationship between heparan sulfate and the activities of transcriptional sites observed in our study, further analysis will clarify this point.
In conclusion, we showed that heparanase and COX-2 were tightly correlated with MVD and clinicopathologic features in esophageal cancers and that the COX-2 expression is upregulated by heparanase. The expression pattern of the human COX-2 gene is primarily accounted for by the transcriptional activity of the 5V flanking region. The NF-nB and CRE sites were shown to be cooperatively involved in the COX-2 gene promoter activity mediated by heparanase, although other cis-acting element(s), such as NF-IL6, may also be involved in this inducible promoter activity. Further analyses will be required to make clear the transcriptional mechanisms that are involved in activation of the COX-2 promoter by heparanase and their roles in tumorigenesis of esophageal cancers. 
